Gaucher disease (GD) is a lysosomal storage disorder due to an inherited deficiency in the enzyme glucosylceramidase (GCase) that causes hepatosplenomegaly, cytopenias, and bone disease as key clinical symptoms. Previous mouse models with GCase deficiency have been lethal in the perinatal period or viable without displaying the clinical features of GD. We have generated viable mice with characteristic clinical symptoms of type 1 GD by conditionally deleting GCase exons 9 -11 upon postnatal induction. Both transplantation of WT bone marrow (BM) and gene therapy through retroviral transduction of BM from GD mice prevented development of disease and corrected an already established GD phenotype. The gene therapy approach generated considerably higher GCase activity than transplantation of WT BM. Strikingly, both therapeutic modalities normalized glucosylceramide levels and practically no infiltration of Gaucher cells could be observed in BM, spleen, and liver, demonstrating correction at 5-6 months after treatment. The findings demonstrate the feasibility of gene therapy for type 1 GD in vivo. Our type 1 GD mice will serve as an excellent tool in the continued efforts toward development of safe and efficient cell and gene therapy for type 1 GD.
G
aucher disease (GD) is a lysosomal storage disorder caused by an inherited deficiency in glucosylceramidase (GCase) (1) (2) (3) . The defective enzyme cannot degrade sufficient glucosylceramide (GluCer), which therefore accumulates in macrophages throughout the body, producing Gaucher cells, the hallmark feature of GD (2) . As a result of the massive lipid accumulation, patients with GD exhibit hepatosplenomegaly, cytopenias, and bone disease (2) . The disorder is usually divided into three different clinical types based on the absence (type 1) or presence and severity (types 2 and 3) of CNS involvement (2) , although the distinction between these subtypes is becoming more diffuse (4) .
Enzyme replacement therapy is effective in most patients with type 1 GD (5-9) and is the treatment of choice for the systemic disease. Allogenic BM transplantation (BMT) has proven therapeutic especially for type 1 GD (10, 11) , but it has disadvantages with regard to the availability of suitable donors and risks involved with the transplantation procedure. Other emerging therapeutic approaches include substrate inhibitors (12, 13) and chemical chaperones (14) ; however, although exciting and novel, these strategies do not cure the disorder. A curative alternative could be transplantation of genetically modified autologous hematopoietic stem cells (HSC). However, lack of a suitable animal model has been the main obstacle in developing gene therapy for GD. During the past 15 years, several attempts to generate mouse models for symptomatic type 1 GD have been made, but the mice have either died in the perinatal period or been viable without clinical signs of GD (15) (16) (17) (18) (19) (20) (21) (22) . GCasedeficient mice, generated through targeted insertion of the neomycin resistance gene into exons 9 and 10 of the GCase gene died within 24 h of birth, likely because of a disturbance in the skin barrier function (16, 23) . Further attempts to generate a mouse model for type 1 GD were made by introducing common mutations found in GD patients (24) into the mouse genome by knockin strategies. However, the resulting mice either died within hours of birth or exhibited only limited accumulation of GluCer (levels two to four times higher than WT) and no clinical symptoms of GD (22) .
The aim of this study was to generate mice with symptomatic type 1 GD for use in the development of cell and gene therapy for the disorder. The Mx1͞Cre-loxP system used here (25) enabled deletion of GCase exons 9-11 after birth, thereby maintaining GCase activity during development and avoiding disturbance of the skin barrier formation (23) . Enzyme deficiency was most prominent in the hematopoietic organs (typically involved in GD), with minimal deficiency in the brain, consistent with the reported variations in efficiency of exon deletion in various tissues (25) . The mice, hereafter referred to as GD mice, were viable, and thorough characterization revealed severely reduced GCase activity, a great increase in GluCer, and massive infiltration of Gaucher cells in the BM, liver, and spleen 12 months after induction of disease. In addition, the mice exhibited splenomegaly and microcytic anemia. Both BMT and transplantation of retrovirally corrected autologous BM cells could prevent the development of disease as well as correct an already established phenotype 5-6 months after transplantation. Our study demonstrates that the GD mouse provides an excellent opportunity to evaluate treatments for type 1 GD. In addition, the findings presented here demonstrate in vivo the feasibility of gene therapy for type 1 GD.
had approximately half the activity of the WT fetal livers. Newborn homozygous pups had the same lethal skin phenotype as has been reported in previous mouse models of GD (16 -18) and died within the first day of life (Fig. 5D ). The heterozygous null mice appeared healthy and were indistinguishable from WT mice.
Postnatal Induction of Genetic Deletion Causes Severe Enzyme Deficiency and Accumulation of GluCer in the BM, Spleen, and Liver.
GCase exons 9-11 were deleted after birth through polyinosinicpolycytidylic acid-mediated induction of Cre recombinase expression (25) . Enzyme deficiency during embryogenesis could therefore be avoided, as could the lethal skin phenotype that most likely is the cause of the rapid demise of homozygous null mice (23) . We have previously shown that the Mx1 promoter mediates Cre expression upon induction and that the subsequent Cre-loxP-mediated deletion occurs with high efficiency in HSC (26, 27) and, therefore, in practically all subsequent progeny cells (including macrophages). In addition, the Mx1 promoter is active only to a limited extent in the brain (25) , and the choice of this promoter therefore enabled the generation of a mouse with hematopoietic organ involvement but without CNS, signs corresponding to type 1 GD patients. All mice received a series of five polyinosinic-polycytidylic acid injections starting within the first week of life to induce excision of ''floxed'' exons. Therefore, the age of a mouse roughly corresponded to the duration of the enzyme deficiency in that mouse. The pups tolerated the treatment well. Complete excision of exons 9-11 in blood, BM, liver, and spleen was confirmed by PCR analysis (Fig. 1B Upper) . The Cre PCR (Fig. 1B Lower) confirmed presence of Cre gene in all tissues analyzed from the GD mice but not in the controls (heterozygotes or WT). In the absence of Cre, there was no excision of exons 9-11 (heterozygotes and WT) (Fig. 1B Upper) . Tissue samples from tail, brain, and lung from GD mice showed the presence of the floxed allele as expected from previous studies on Mx1 promoter activity in different tissues (25) (26) (27) . GCase activity was absent in spleen and severely reduced in BM and liver of the GD mice (Fig. 1C) . The heterozygotes had approximately half the enzyme activity of the WT mice, although they were phenotypically indistinguishable from each other. The GD mice had high levels of GluCer in BM, spleen, and liver compared with control tissues (Fig. 1D ). The lung also had elevated levels of GluCer (data not shown), but, as expected, the GD mice did not accumulate substrate in the brain (data not shown).
Extensive Infiltration of Gaucher Cells in the Hematopoietic Tissues in
Mice with Induced GCase Deficiency. Histopathological analysis of the BM, spleen, liver, thymus, and lymph nodes from 12-monthold GD mice revealed massive infiltration of Gaucher cells ( Fig.  2 ; thymus and lymph nodes are not shown). The Gaucher cells were multinucleated in most cases, and the cytoplasm had the typical appearance of ''wrinkled tissue paper'' due to the large amounts of accumulated GluCer. Gaucher cells were not present in the brain, kidney, or skin of the GD mice (data not shown). Heterozygous and WT mice (depicted control) were indistinguishable from each other and lacked Gaucher cells in all tissues (Fig. 2) . Apart from the massive infiltration of Gaucher cells in the spleen, the normal splenic architecture was disrupted, and demarcation of the red and white pulp was no longer evident ( Fig. 2) . Inflammatory cells were also present throughout the spleen. Careful pathological examination of femurs and tibia failed to show any signs of bone disease.
Induced GCase Deficiency Causes Splenomegaly and Microcytic Anemia. The GD mouse had a normal life span and did not show any gross signs of CNS abnormalities. Sixteen-month-old GD mice (Ϸ16 months after disease induction) had up to 10-fold increase in spleen size compared with control ( Fig. 3A) . Upon macroscopic examination, spleen infarcts could be seen, which is common in patients with GD. The liver was pale and slightly enlarged but to a lesser extent than the degree of enlargement seen in the spleen (data not shown). Hematocrit, hemoglobin, and mean red blood cell volume values were significantly reduced in the GD mice compared with control ( Fig. 3B ), although Bands were visualized by ethidium bromide. (C) The enzyme activity was practically absent (spleen) or severely reduced (BM and liver) in GD mice compared with WT (tissues from three to six individual GD mice; age, 6.5-12 months). Heterozygotes (hets) had approximately half of the enzyme activity of WT (tissues from three to six individual heterozygotes; age, 6.5-12 months). WT GCase activity was set to 100%, and activity in the GD mice and heterozygotes is presented as the percentage of WT. Error bars represent standard deviation. (D) BM, spleen, and liver from 12-month-old GD mice show a massive accumulation of GluCer (n ϭ 3). WT and heterozygotes were pooled (depicted control, n ϭ 4; age, 8 -12 months), because they were indistinguishable from each other with respect to GluCer accumulation. Results are shown as nanomoles of GluCer per milligram of protein.
there was no difference in red or white blood cell count (Fig. 3B and data not shown).
BMT Can Prevent or Correct the Phenotype of GD Mice.
To ask whether BMT could prevent disease development and correct an established GD phenotype, two different experimental approaches were used in which the age of the recipient GD mice differed ( Fig. 6 A and B , which is published as supporting information on the PNAS web site). At 1.5 months after induction of the genetic deletion, the GD mice are not expected to have substantial GD symptoms. We therefore asked whether BMT could prevent disease development by transplanting WT BM to GD mice 1.5 months after genetic deletion. Five months after BMT, GCase activity was increased in BM, spleen, and liver of recipient GD mice (Fig. 6C) . The increase in GCase activity was sufficient to prevent elevation of GluCer in the recipients (Fig. 6E) . In addition, no Gaucher cells could be seen 5 months after transplantation (Fig. 6G) . We next asked whether WT BMT could correct GD in the mice once manifestations of the disease had developed. GD was allowed to proceed for 7.5 months before transplantation of WT BM. Five and a half months later, when the mice were 13 months old, the therapeutic consequences were evaluated. GCase activity was increased in BM, spleen, and liver of recipient GD mice (Fig. 6D) . The increase in GCase activity was sufficient to normalize GluCer levels in the recipients (Fig. 6F) . Four of six mice were completely devoid of Gaucher cells in BM, spleen, and liver, and only a few scattered Gaucher cells were seen in spleen and liver in the two remaining mice (representative findings from a mouse with few scattered Gaucher cells are shown in Fig. 6G ). Given longer time to recover, it is likely that these mice would have been cleared of Gaucher cells as well, and the slight variability in outcome could be due to differences in disease severity in different mice at the time of transplantation. These findings suggest that BMT cannot only prevent disease development but also correct an established GD phenotype in the GD recipient mice.
Gene Therapy Can Correct the Phenotype of GD Mice. The GD mice were used in proof of principle experiments to investigate the feasibility of gene therapy for type 1 GD. A retroviral vector with the spleen focus-forming virus promoter driving GCase expression (GC vector) was used. The control vector (GFP vector) was identical to the GC vector with the exception of the GCase gene (Fig. 4A) . The experimental rationale involved two different transduction protocols (Fig. 4B) . To ask whether gene therapy could correct the GD phenotype once it had developed, recipients were treated with transduced HSC 4.5 to 6 months after disease induction. The findings presented in Fig. 4 C and E are from transplantations with BM cells transduced through incubation with viruscontaining medium (VCM). Using this transduction protocol, transduction efficiencies (as measured by the percentage of GFP) ranged from 14% to 39% in BM cells before transplantation and from 4% to 79% in blood 5 months after transplant. The findings presented in Fig. 4 D and F are from transplantations with BM cells transduced through coculture with virus producer cell lines. By using this method, transduction efficiencies ranged from 48% to 75% in BM cells before transplantation and 5.6% to 56% in blood 5 months after transplantation. The findings are presented individually for each mouse. Five months after transplant, there was a robust increase in enzyme activity in BM, spleen, and liver from all mice treated with GC vector, regardless of the transduction protocol used (mice 1, 2, and 5-7) (Fig. 4 C and D) . The increase in GCase activity completely normalized substrate levels in BM, spleen, and liver 5 months after transplantation (mice 1, 2, and 5-7) (Fig. 4 E and F) , whereas mice treated with the GFP control vector continued to accumulate GluCer in these tissues (mice 3, 4, and 8-10) (Fig. 4 E and F) . In addition, Gaucher cells were practically eliminated 5 months after transplantation in mice treated with GC vector, compared with GFP-treated mice (Fig. 4G ). These data demonstrate that gene therapy can correct the GD phenotype in the GD mice 5 months after transplantation.
Discussion
In this study we report a mouse model for type 1 GD. The GD mouse generated here exhibits a severe phenotype with clinical signs that are typically seen in patients with a serious and debilitating form of type 1 GD. By using this model, we also show that gene therapy can correct GD in vivo. The mouse model therefore opens new avenues both for the evaluation of existing therapies and for the development of novel therapeutic approaches for the disorder. Our findings demonstrate that both transplantation of WT BM and gene therapy through retroviral transduction of BM from the GD mouse could prevent disease development and, more importantly, could correct an already established GD phenotype. Both therapeutic modalities resulted in increased enzyme activities, normal GluCer levels, and practically no infiltration of Gaucher cells in BM, spleen, and liver 5-6 months after treatment. It is noteworthy that this correction was seen in all GC vector-treated mice, despite the relatively low gene marking (Fig. 4) . In addition, the BMT and gene therapy experiments demonstrated that achievement of GCase activity comparable with WT levels was not necessary for a favorable therapeutic outcome. The coculture transduction resulted in a much higher increase in GCase activity than gene therapy through VCM transduction and ordinary BMT. The magnitude of increase in GCase activity in the coculture transduction varied between the mice, but, overall, the enzyme activity was well above WT levels in all tissues analyzed. A possible reason for the high enzyme activity may be that the coculturetransduced BM cells obtained multiple copies of the GC vector. Additionally͞alternatively, insertional activation of genes could have promoted a selective advantage for single clones as was seen in murine BMT models (28) and in the recently published gene therapy trial for X-linked chronic granulomatous disease (29) .
Previous preclinical studies have shown that transduction of hematopoietic progenitor cells (murine and from GD patients) with gammaretroviral vectors containing the GCase gene could correct the enzyme deficiency in the granulocyte-macrophage progeny cells (30) (31) (32) . Similarly, WT murine HSC could be genetically modified through retroviral transduction to produce high levels of GCase in HSC-derived macrophages in vivo (33, 34) . These data constituted the foundation for a clinical gene therapy trial involving three type 1 GD patients. The GCase gene was transferred into autologous CD34 ϩ hematopoietic cells using gammaretroviral vectors, and the treated cells were infused intravenously without any BM ablation regimen (35) . However, gene marking was only seen at low levels for 3 months, after which no trace of gene delivery could be detected. It was concluded that HSC-based gene therapy for GD was not likely to be effective without full or partial ablation of the BM before transplantation. Partial ablation techniques were not well developed in a clinical setting during the 1990s, and further clinical gene therapy trials for GD were put on hold because scientists were lacking a suitable animal model for type 1 GD and because of the availability of relatively effective and risk-free enzyme replacement therapy.
Recent success in clinical gene therapy for genetic disease demonstrates the feasibility of this approach in treating patients with X-linked SCID (36), adenosine-deaminase-deficient SCID (37) , and chronic granulomatous disease (29) . The findings presented here demonstrate the feasibility of gene therapy for type 1 GD in vivo, and the mouse model will serve as an excellent tool in the continued effort toward development of safe and efficient cell and gene therapy for type 1 GD.
Materials and Methods
Generation of the GD Mouse. A detailed description of how the GD mouse was generated is available in Supporting Materials and Methods, which is published as supporting information on the PNAS web site. Screening of adult mice after polyinosinicpolycytidylic acid-induced exon deletion and embryos was done by PCR with the following primers: 5Ј-GTACGTTCATGGCATT-GCTGTTCACT-3Ј (P1 in Fig. 1A ) and 5Ј-ATTCCAGCTGTC-CCTCGTCTCC-3Ј (P2 in Fig. 1 A; Tissue and Cell Preparations. Mice were anesthetized (isofluorane; Abbott Scandinavia, Solna, Sweden) before orbital blood sampling. Blood was kept in 2,000 units͞ml heparin (Leo Pharma, Ajax, ON, Canada) until analysis. The mice were killed by CO 2 , and the liver, spleen, and BM were removed and weighed. For evaluation of substrate accumulation, tissue pieces were submerged in liquid nitrogen directly after removal from the mice. Tissue and harvested BM cells destined for enzyme activity analysis were kept in PBS (2% FBS). For histopathology, tissue samples were fixed in PBS supplemented with 4% paraformaldehyde, embedded in paraffin, and sectioned. after 2 h of incubation at 37°C with 15 mM 4-methylumbelliferyl-D-glucuronide trihydrate (Sigma-Aldrich) (30) . In all assays, control cells were analyzed, and the level in these was set as 100%.
Hematological Analysis, Substrate Accumulation Analysis, and Histopathological Studies. Hematological analysis was performed on a Sysmex (Kobe, Japan) automated cell counter. The GluCer content was determined as previously described (39) . Fixed, sectioned tissue was stained with hematoxylin and eosin or periodic acid Schiff for microscopic examination.
